Butylated hydroxyanisole (BHA) and butylated hydroxytoluene (BHT) are two structurally related lipophilic compounds generally used as antioxidants (Figure 1a ). These synthetic phenols can scavenge reactive oxygen species (ROS) by donating a labile hydrogen to oxygen radicals derived from fatty acids and other sources, leaving an oxidized phenolic ion stabilized by the inherent resonance of the benzene ring. The antioxidant properties of BHA are also derived from its capacity to increase the levels of liver glutathione and glutathione-S-transferase and the activity of hepatic cytosolic gamma-glutamylcysteine synthetase. The antioxidant asset of BHA is widely exploited in food industries.
The ROS-scavenging capacities of BHA and BHT are frequently used to argue that ROS have a role in certain signaling pathways. As both compounds decrease the levels of ROS and at the same time protect against TNF-induced necrosis of L929 fibrosarcoma cells, it was concluded that ROS, formed and acting in the hydrophobic environment of the inner mitochondrial membrane, mediate this cell death process.
1,2 The same rationale led to the conclusion that ROS were also involved in dsRNA-induced necrosis of L929 cells. 3 Nevertheless, here we show that although BHA and BHT differ only slightly in their ability to reduce the levels of ROS induced by TNF stimulation of L929 cells, BHA is clearly more antinecrotic than BHT in this necrotic cell death system (Figure 1b) . Both BHA and BHT reduce ROS levels and necrosis of L929 cells after stimulation with dsRNA ( Figure 1c) . However, BHA apparently does not block dsRNA-induced cytotoxicity, but shifts cell death from necrosis to apoptosis, whereas BHT does not modulate cell death type (Figure 1d) . 3 Together, these data imply that BHA possesses additional properties that make it a more potent antinecrotic agent than BHT.
The discrepancy between the ROS-scavenging and the antinecrotic activities of BHA and BHT might be attributed to the fact that BHA is more lipophilic and less sterically hindered than BHT. However, based on the literature, we surmised that BHA might affect mitochondrial complex activities. For example, it was shown that BHA can block cell respiration by inhibiting the activity of complex I (NADH-CoQ reductase), complex II (succinate-CoQ oxidoreductase) and complex III (cytochrome c-ubiquinole reductase). [4] [5] [6] [7] However, there is no uniformity in the data with respect to the source of mitochondria used to test the inhibitory effect (rat liver cells, 4 ascites tumor cells 8 or U937 cells 7 ), the method used to score the effect (measurement of oxygen consumption 4 versus spectrophotometric analysis of complex activities 7 ) and the amount of BHA used, which ranges from 250 mM to millimolar amounts in most studies. On the other hand, to the best of our knowledge, there is no data in the literature on the effects of BHT on mammalian respiratory complexes. Most studies describing BHT-dependent inhibition of mitochondrial respiration were performed in the protozoon Trypanosoma cruzi. Finally, BHA and BHT may also function as uncouplers of oxidative phosphorylation by rendering the inner mitochondrial membrane permeable to protons.
We decided to examine, in a single experimental setup, the possibility that BHA and BHT might have strikingly different cell death-protective capacities because they differ in their ability to interfere with the respiratory chain. We therefore used spectrophotometric analysis to study the effects of BHA and BHT on mitochondrial complex activity of isolated mitochondria from murine skeletal muscle, using known complex inhibitors as a reference. Both BHA and BHT were able to inhibit complex I activity in a concentration-dependent manner. However, BHA was clearly more effective than BHT, although less efficient than rotenone. Neither of the agents had a significant effect on the activities of complexes II, III and IV ( Figure 2a ). As complex I is a major ROS-producing site in the electron transport chain (ETC), 9 BHA and to a lesser extent BHT might not only scavenge ROS but also partially prevent their complex I-mediated production. This complex Imediated ROS production after TNF and dsRNA treatment of L929 cells is confirmed by the fact that addition of rotenone also decreases the levels of ROS (Figure 2b) . Therefore, these results suggest that mitochondrial respiration is involved in TNF-and dsRNA-induced necrotic signaling. These data are confirmed by the inhibition of both TNF-and dsRNA-induced necrotic cell death by the complex I inhibitor rotenone (Figure 2c ) 10 and an in vivo study showing partial blockage of zVAD-fmk/TNF-induced hyperacute cardiovascular collapse, renal damage and death of mice after pretreatment with rotenone.
11
Besides being an inhibitor of electron transport and a radical scavenger, BHA was also reported to inhibit lipoxygenases (LOXs). 12 These constitute a family of monomeric nonheme, nonsulfur iron dioxygenases that catalyze the conversion of polyunsaturated fatty acids into conjugated hydroperoxides. The main substrate of LOXs is arachidonic acid, either in its esterified or free form depending on the type of enzyme. Lipid peroxidation by LOXs can also cause permeabilization of
organelle and plasma membranes. 13 As oxidative rancidity is mediated by increased LOX activity, the LOX-inhibiting activity of BHA may contribute to its action as a food preservative. To determine whether the LOX-inhibiting activity affects cell death, we compared the influence of two LOX inhibitors, nordihydroguaiaretic acid (NDGA, a general LOX inhibitor) and AA861 (a 5-LOX specific inhibitor), with the effect of BHA. In parallel, we investigated the effect of inhibiting phospholipases (PLA 2 ), because they are responsible for the liberation of arachidonic acid, the main substrate of LOXs, from the sn-2 position of phospholipids, and are therefore considered upstream components of the LOX signaling pathway. For this, we used a general PLA 2 inhibitor, methyl-arachidonyl fluorophosphonate (MAFP), and a specific calcium-independent PLA 2 (iPLA 2 ) inhibitor, bromoenol lactone (BEL). All of the LOX and PLA 2 inhibitors we tested inhibited cytotoxicity. However, the effect was less profound than that observed with BHA ( Figure 3a ). All inhibitors with the exception of MAFP, which increased basal ROS production, also markedly decreased the levels of ROS. This suggests that some LOXs and PLA 2 may play a role in signaling to or execution of necrotic cell death also by increasing the production of ROS (Figure 3b ). Interestingly, it had been shown that treatment of L929 cells with TNF leads to the activation of PLA 2 , whereas overexpression of Ca 2 þ -dependent PLA 2 (cPLA 2 ) sensitizes TNF-resistant L929 variants to TNF-induced cytotoxicity, 14, 15 confirming that cPLA 2 contributes to this necrotic signaling. , 100 mM BHA (black bars) or 100 mM BHT (gray bars) for 30 min. Finally, 10 000 IU/ml mTNF-a þ 10 mM LiCl were added in each condition for the indicated durations. Control (Ctrl) cells were only treated with LiCl (b). In parallel, L929sAhFas cells were treated with 200 IU/ml mIFN-b for 24 h, 3 followed by medium (white bars), 100 mM BHA (black bars) or 100 mM BHT (gray bars) for 30 min. Finally 2.5 mg/ml dsRNA (pIC) was added for the indicated durations. Control (Ctrl) cells were only treated with IFN-b or dsRNA, respectively (c and d). DNA degradation was expressed as the percentage of cells with hypoploid DNA levels measured by PI (30 mM) staining after permeabilization by freezing and thawing (d). Cells were analyzed by flow cytometry. Activation of ROS production was determined by measuring the conversion of DHR123 to R123 in PI-negative cells. Bars represent mean values from three experiments, relative to time zero (set to 100%). Loss of membrane integrity as a measure for cell death was determined as the fraction of PI positive cells. Note that BHA inhibited death induced by TNF, but only caused a delay in death induced by IFN-b þ dsRNA. Cells however died by apoptosis as shown by a higher level of hypoploid DNA. The histograms represent an average of three independent experiments with error bars indicating standard error of the mean (S.E.M) PLA 2 has also been identified as another source of ROS in a study examining TNF-induced caspase-independent cell death in vivo.
The ROS-scavenging capacity of BHA has often been used to argue that ROS play a role in certain signaling pathways and in necrotic cell death in particular. Our results, however, emphasize the importance of considering all properties of BHA. We show that the strong antinecrotic effect of BHA reflects not only its ROS scavenging property but also its ability to inhibit complex I and LOXs. Moreover, our data suggest that deregulation of the function of mitochondrial complex I and activation of a PLA 2 /LOX pathway contribute to TNF-and dsRNA-induced ROS production, and consequently to necrotic cell death. Figure 2 (a) For each experiment, the activities of the ETC complexes were determined spectrophotometrically using 10 independent murine skeletal muscle samples (for a detailed description of the Materials and Methods see Supplementary Information). Heavy membrane fractions were either left untreated or else treated with 100, 200 and 400 mM BHA or BHT (complexes I and III); 100 and 200 mM BHA or BHT (complexes II and IV). In all, 10 mM rotenone (CI), 5 mM malonate (CII), 1 mM antimycin A (CIII) and 0.6 mM KCN (CIV) were included as positive controls for inhibition of the activities of complexes I, II, III and IV, respectively. Results are corrected for mitochondrial input as determined by citrate synthase activity and are presented as the average activity of ETC complexes; error bars indicate S.E.M. (b and c) L929sAhFas cells were pretreated during 30 min with medium, 100 mM BHA, 100 mM BHT, 25 mM rotenone, 5 mM malonate or 50 mM antimycin A. Finally, 10 000 IU/ml mTNF-a þ 10 mM LiCl were added for 5 h in each condition. Control (Ctrl) cells were only treated with LiCl (left panels). Cells were treated with 200 IU/ml mlFN-b for 24 h, followed by medium, 100 mM BHA, 100 mM BHT, 25 mM rotenone, 5 mM malonate or 50 mM antimycin A for 30 min. Finally, 2.5 mg/ml dsRNA (plC) was added for 2 h. Control cells were only treated with IFN-b or dsRNA, respectively (right panels). Cell death (c) and ROS production (b) were determined by FACS as the fraction of cells that are PI positive and the conversion of DHR123 to R123 by PI negative cells, respectively. Histograms show an average of two independent experiments with error bars indicating S.E.M. Results are representative for six independent experiments
